ABSTRACT.-Isozyme and plastid DNA analysis prove that true A. ceterach occurs on the Canary Islands, in addition to A. aureum and an octoploid taxon. Combining morphological and cytological observations leads to correct determination, but the exospore length alone also allows reliable identification of these Canarian species. Our allozyme data suggest that the Canarian A. ceterach population is not completely genetically isolated from the European ones. The holotype of Ceterach aureum var. parvifolium, formerly regarded as an octoploid taxon, proved to be A. ceterach, leaving the octoploid without a correct name. The recently described A. octoploideum shows monomorphic, presumably fixed heterozygosity for a combination of the patterns seen in A. ceterach and A. aureum at four loci (Aat, Skdh, Me, and Pgi-2) confirming its allo-octoploid nature. It most probably originated by chromosome doubling in a tetraploid hybrid between A. aureum and A. ceterach or via the union of their unreduced gametes. Pgi-2 indicates multiple origins of the allooctoploid, implicating recurrent gene flow from tetraploids to octoploids.
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Reichst., octoploid status was attributed to it. To clarify the origin of A. parvifolium, a hybridization program was started by G. Vida in Budapest; results were partly published in Manton et al. (1986) . Meanwhile, T. Reichstein had informed many pteridologists about the putative allo-octoploid nature of A. parvifolium and briefly mentioned it in Hegi (1984). To date two cytologically different endemic species are generally accepted to occur on the Canary Islands: A. aureum and A. parvifolium. Asplenium aureum was found to be tetraploid by Manton (1950) . Vida and Reichstein (Vida, 1972; Viane and Reichstein, 1992) suggested A. aureum to be allotetraploid, which was confirmed by ITS analysis . The name A. parvifolium was used for the allo-octoploid that probably formed by chromosome doubling of the tetraploid hybrid between A. aureum and A. ceterach (Vida, 1972; Viane and Reichstein, 1992) . After 1970, all small Canarian plants that looked like A. ceterach were considered to be a) A. parvifolium and b) octoploid. According to Manton et al. (1986) ''C. officinarum is not positively recorded from Macaronesia, but its former presence, at least in the Canaries, is suggested by the morphology of some representatives of C. aureum sens. lat. from these islands.'' Within A. ceterach sensu lato three cytotypes are known, and according to the Biological Species Concept (Mayr, 1942 (Mayr, , 2000 see review in King, 1993) , autopolyploids should be considered separate species because they produce sterile hybrids with their parents from which they are reproductively isolated. Diploid A. javorkeanum Vida [Syn.: A. ceterach ssp. bivalens (D.E. Mey.) Greuter and Burdet; C. officinarum Willd. ssp. bivalens D.E. Mey.] is known from Albania, Bulgaria, Croatia, Greece, Hungary, Italy, Romania, and Slovenia (Vida, 1963; Reichstein, 1984) , and should be looked for in northern Algeria and Turkey, because the triploid hybrid A. 3mantoniae Váró czy and Vida was found there (Greuter, 1980; Viane et al., 1996) . Tetraploid (Manton, 1950; Vida, 1963) A. ceterach [Syn.: C. officinarum Willd. ssp. officinarum] is supposed to have originated via chromosome doubling in A. javorkeanum; its autopolyploid status was confirmed cytologically by Rasbach et al. (1987) . The autotetraploid is the more common species, occurring throughout Europe (see maps in Jalas and Suominen, 1972; Pichi Sermolli, 1979; Reichstein, 1984) , southwestern Asia and the western Himalayas. Asplenium ceterach is more rare in northern Africa (Jahandiez and Maire, 1931; Maire, 1952; Quezel and Santa, 1962; Siddiqi, 1989) , but extends into Eritrea and Somalia (Viane et al., 1996) , the Arabian Peninsula (Collenette, 1985) , and Yemen (Christ, 1900; Wood, 1997) . The autohexaploid A. cyprium Viane and Van den heede (Syn.: A. ceterach ssp. cyprium Viane) was described from Cyprus (Van den heede and Viane and Van den heede, 2002) , and is also known from Greece and Sicily (Viane et al., 1996; .
For the biosystematic revision of the Ceterach group (Van den heede, 2003), field trips were organized to study the Macaronesian representatives. Plants that we could not distinguish from the European A. ceterach were tentatively called A. parvifolium, and assumed to be octoploid. To our great surprise many of them turned out to be tetraploid.
In order to clear up the A. ceterach-A. parvifolium muddle on the Canarian Archipelago, we studied type material, and cytologically checked 145 samples from Gran Canaria, La Palma, and Tenerife. Because the type of A. parvifolium turned out to be A. ceterach, the octoploid taxon needed a new name and was described as A. octoploideum Viane and Van den heede (Van den heede and .
Because electrophoretic analysis of isozymes has been successfully used in studies of reticulate complexes of Pteridophyta (Werth et al., 1985a (Werth et al., , 1985b Werth, 1991; Haufler et al., 1995) and has been applied at population and species levels (see Haufler, 1985b Haufler, , 1997 , we tried this method together with DNA sequencing, to determine whether true A. ceterach grows on the Canary Islands. A combination of morphological, cytological, and biogeographical data and isozyme markers can determine whether taxa are auto-or allopolyploid (Crawford, 1985; Haufler, 1985b; Bryan and Soltis, 1987; Weeden and Wendel, 1989; Crawford, 1990; Pryer and Haufler, 1993 ). An overview of the literature about DNA sequencing in Pteridophyta is given in .
MATERIAL AND METHODS
Between April 1995 and May 1999, field trips were organized to three Canary Islands from which A. parvifolium was known in the literature: Gran Canaria, La Palma and Tenerife. From 145 specimens, fronds with ripe spores were collected by C.V. and R.V, and ecological notes were made. Voucher information (Appendix 1, 2, and 3) is given only for specimens from which we were able to raise progeny and obtain cytological data.
The following localities are shown in Fig. 1 All material for this study has been cultivated in Ghent University Botanical Garden (Belgium). Spores were sown on agar-solidified medium containing a nutrient solution recommended by Dyer (1979) . The cultures were stored in continuous light at room temperature. After formation of mature gametophytes, distilled water was added to achieve fertilization. If necessary, prothallia were transplanted onto fresh agar. Young sporophytes were planted individually in pots kept in a temperate greenhouse (minimum temperature 128C). An air-and water-permeable soil mixture was required for these xerophytic rock ferns. Full-grown maturity was reached after approximately two years.
For chromosome counts, immature spore mother cells were fixed in the field, or in the greenhouse, using freshly prepared 3:1 absolute ethanol:glacial acetic acid, and stored at freezing-temperature until required. Acetocarmine squash preparations were made as described by Heitz (1925 Heitz ( , 1950 and Manton (1950) . Photographs were taken with an Olympus BH2 phase contrast microscope. Preparations were made permanent by dehydrating cover slip and slide in graded mixtures of acetic acid and absolute ethanol, followed by mounting in Euparal (T. Walker and H. Rasbach, pers. comm.) . All permanent preparations are kept in the Pteridological Section of the Department of Biology at Ghent University. Sixteen cytologically checked plants (five tetraploids identified as A. aureum, seven tetraploids identified as ''A. parvifolium sensu Benl,'' and four octoploids, (Appendix 1, 2, 3) were used as standards to compare the nuclear DNA content of the remaining specimens by a flow cytometer (Partec PA-1), using the manufacturer's protocol (Partec GmbH, Mü nster, Nordrein-Westfalen, Germany). Both nuclei extraction solution and DAPI staining dilution were provided by Partec (Germany).
Methods for making permanent epidermis preparations and for measuring stomatal guard cells and spores, are described by Viane (1990 Viane ( , 1992 . For exospore measurements untreated, fresh spores mounted in DePeX were used. Spore size is unaffected by DePeX, whereas in some other mounting media, e.g., glycerin-gelatin (Ormonde, 1990) , spores expand by 5-15 %. The values of microcharacters are extracted from our regularly updated database, presently containing 110 different specimens of the European ''A. ceterach'' group, and 56 specimens of the Macaronesian ''A. aureum'' group (raw data available upon request).
Only vigorously growing plants were included in the allozyme study. Fresh leaves from 105 Canarian (Appendix 1, 2, 3) and 220 European and Turkish specimens (Appendix 4) were collected in the greenhouse, where the ferns were growing under the same conditions. Sporulating fronds of similar age were wrapped in wet tissue, stored in plastic bags, and kept refrigerated at 48C for maximum 0.5-2 days (until extraction). Polyacrylamide gel electrophoresis (PAGE) was performed by C.V. at the laboratory of ''General Botany and Nature Management'' of the Free University Brussels (Belgium). Starch gel electrophoresis (SGE) was done by S.P. and E.P. in the ''Departamento de Biologia Vegetal I'' of the Universidad Complutense in Madrid (Spain). All specimens from the Canarian Archipelago were analysed by starch gel electrophoresis.
Equal amounts of tissue and extraction buffer were used to obtain uniform concentrations of extracts. Cooling (48C) was applied during both homogenization and electrophoresis. Acquaah (1992) was consulted for the Enzyme Commission (E.C.) numbers.
PAGE procedures mentioned in Triest (1989) and were used, whereas SGE protocols followed Soltis et al. (1983) and Haufler (1985a) . In a preliminary survey 19 enzyme systems (G-3PDH, G-6PD, GDH, IDH, MDH, ME, 6-PGD, SkDH, SOD, XDH, ACO, AAT, HK, PGM, b-EST, LAP, ALD, PGI, and TPI) were checked for polymorphism. Because the primary goal of this isozyme research was to test the hypothesis that tetraploid A. ceterach occurs on the Canary Islands in addition to A. aureum and related taxa, it was necessary to identify unique ''marker'' alleles characterizing each species or its progenitors. Finally, only five enzyme systems were suitable: aspartate aminotransferase (AAT ¼ GOT, E.C. 2.6.1.1), shikimate dehydrogenase (SkDH, E.C. 1.1.1.25), malic enzyme (ME, E.C. 1.1.1.40), phosphoglucose isomerase (PGI, E.C. 5.1.3.9), and triosephosphate isomerase (TPI, E.C. 5.3.1.1). All pictures and dried gels are kept in the Pteridological Section of the Department of Biology at Ghent University.
Band homologies were determined by running samples side-by-side on the same gel (see Haufler et al., 1995) . Allelic variants within loci were distinguished from the products of different loci by assuming that Asplenium enzymes conformed to established models of organellar compartmentalization (Gottlieb, 1982; Gastony and Darrow, 1983; Soltis, 1986; Weeden and Wendel, 1989) . Presumed loci were numbered sequentially, with the most anodally (i.e., the fastest band) migrating one designated ''1.'' Similarly, different alleles of the same gene locus (i.e., allozymes, Crawford, 1990) were denoted alphabetically with the most anodal being ''a.'' Sequencing work was done by C.V. at the Jodrell Laboratory in Kew (United Kingdom). Nineteen cytologically and isozymically interesting, vigorously growing plants, including three A. aureum specimens (CV164, CV670, CV712) from Gran Canaria, Tenerife, and La Palma, one putative A. ceterach from Tenerife (CV187), and one octoploid from La Palma (CV709), were selected to generate DNA sequences from the plastid trnL-trnF intergenic spacer. European material for comparison included two A. javorkeanum specimens from Italy and Slovenia (CV14 and CV85b), two A. ceterach samples from Italy and Cyprus (CV494 and CV225), and a hexaploid A. cyprium plant (CV249) from Cyprus (see Appendix 4). Sequences of the closely related A. lolegnamense (Gibby and Lovis) Viane from Madeira (CV985 and CV993), of the less related A. dalhousiae Hook. from Ethiopia and Pakistan (CV318 and TR7634), and of the more distantly related A. nidus L. (AF425118), and A. scolopendrium L. and A. unilaterale Lam. (R. Cranfill, University of California, Berkeley, California, USA, unpublished data) were included as outgroups. The trnL-F sequence of a species of Dennstaedtia (R. Cranfill, unpublished data) was used to represent a group basal to the Aspleniaceae (e.g., Bower, 1928; Christensen, 1938; Copeland, 1947; Pichi Sermolli, 1977; Kramer and Green, 1990; Hasebe et al., 1995; Pryer et al., 1995) . Methods are explained in .
RESULTS AND PRELIMINARY DISCUSSION
To avoid prolixity, we have combined both the results and the interpretation of the isozyme phenotypes.
Chromosomes were counted for 16 specimens collected on Gran Canaria, La Palma, and Tenerife. In addition to five tetraploid A. aureum (n ¼ 72 II ) plants, eleven small specimens that we could not distinguish from European A. ceterach, were examined. Seven of them turned out to be tetraploid (n ¼ 72 II ) and four were octoploid, having a meiotic chromosome number of n ¼ 144 II (Fig. 2) . Meiosis in all cells examined was regular, showing only bivalents, and giving no indication about the polyploid status of the species. This agrees with Lovis' (1977) statement that most autopolyploid ferns possess diploidized meiosis (only bivalent formation), and ''that the absence of multivalents is no valid evidence of allopolyploidy.''
The counted samples were used as standards to determine the ploidy level of the remaining 146 specimens using a flow cytometer. Results are given in Appendix 1, 2 and 3; localities of cytologically checked material are indicated on the map of the Canarian Archipelago (Fig. 1) .
In May 1995 (RV6135) and 1997 (CV165-170; CV183-187), we discovered tetraploid A. ceterach specimens on both Gran Canaria and Tenerife (see Appendix 1 and 3).
The three species (A. aureum, the ''small tetraploid'', and the octoploid) cannot always be distinguished macromorphologically, but can be identified by measuring exospore length (Table 2 ). Stomatal guard cell length can only be used to distinguish the ''small tetraploid'' (45 6 3.8 lm) from the octoploid (52 6 4.8 lm). We found no differences in perispore morphology, stomatal type, or epidermal cell pattern. Perispores have costato-cristate folds with few perforations, stomates are mesopolocytic, and epidermal cells mostly sinuous. Polyploidy factors (Viane, 1986 (Viane, , 1990 in A. ceterach are P cet, exo ¼ 1.25 (for the exospore) and P cet, sto ¼ 1.16 (for the stomates), and P aur, exo ¼ 1.18 and P aur, sto ¼ 1.07 in A. aureum. Using these P-values, the theoretical spore and stomate sizes calculated for the octoploid are less than 1 s.d. different from their actual means (Table 2) , thus supporting the proposed ancestry (Viane, 1990) .
We stress the presence of a small indusium in all taxa; it can best be observed in epidermis preparations (Viane, 1990) . Our observations show that the (toothed) margin and the ''cuticular lines'' of the scales, are unreliable characters to discriminate A. aureum and relatives from A. ceterach. All taxa have scales with more or less dentate margins, and periclinal cell walls with or without ''cuticular lines''. These ''cuticular stripes'' are folds in the periclinal cell wall (Fig. 3) , and the bigger the cell the more folds seem to be present. However, A. aureum scales usually show numerous folds, whereas A. ceterach (from its entire range of distribution) paleae possess only few. In the octoploid the number of folds is usually intermediate between that in A. aureum and A. ceterach.
Isozyme analysis can be used to determine whether taxa are auto-or allopolyploid. The electrophoretic phenotype of an autopolyploid should show a subset of the isozymes present in its progenitor, assuming no mutation subsequent to the origin of the polyploid (Weeden and Wendel, 1989; Crawford, 1990; Pryer and Haufler, 1993 ). An allopolyploid should display fixed heterozygous (i.e., nonsegregating) banding patterns for many loci, resulting from the combination of different parental genomes (Gottlieb, 1982; Werth, et al. 1985b; Pryer and Haufler, 1993; Soltis and Soltis, 2000) . Fixed heterozygous banding patterns differ from normal heterozygous zymograms, because the bands do not segregate among progeny and remain fixed in all specimens.
Nineteen enzyme systems were tested in a preliminary survey. The low resolution of ALD, and the smeared patterns of XDH made both unusable. IDH, Mean guard cell length 6 s.d. MDH, ACO, and SOD yielded unclear patterns with limited variation. G-6PD and G-3PDH gave inconsistent zymograms. Consequently, these enzyme systems were not retained. To test our hypothesis that in addition to A. aureum and the octoploid, true A. ceterach occurs on the Canary Islands, the following four enzyme systems were suitable: AAT, SkDH, ME, and PGI. These enzyme systems yielded reproducible, well resolved banding patterns discriminating specimens representing A. aureum, A. ceterach and the allo-octoploid hybrid. These enzymes, encoded by four putative loci, were also used to get an idea of the variation of the species.
A. aurem
AAT or GOT: this dimeric enzyme was studied using both PAGE and SGE (system 8 of Haufler, 1985a) . We observed only one activity zone, which agrees with Gastony and Darrow (1983) , who proved that this single enzyme activity is chloroplastic.
Most of the specimens studied are homozygous, showing a single wellresolved AAT band (Fig. 4, zymotype II) . This applies to all 50 A. javorkeanum specimens (Italy and Slovenia), most (102) A. ceterach plants (Belgium, Croatia, Cyprus, France, Italy, Slovenia, Spain, Turkey, and the United Kingdom), 23 ''small tetraploids'' from the Canary Islands, and all (44) A. cyprium samples tested . Ten A. ceterach individuals from Croatia, France, Italy, and Slovenia, and two ''small tetraploids'' from the Canary Islands, showed the rarer three-banded zymotype I with skewed staining intensities, interpretable as heterozygous for a dimer. Corresponding genotypes are bb, bbbb, or bbbbbb for zymotype II of the homozygous (diploid to hexaploid) plants, versus bbbc for zymotype I of the heterozygous tetraploid specimens.
Identical banding patterns in the Canarian ''small tetraploid'' and in European A. ceterach plants indicate that true A. ceterach is growing on the Canary Islands. Because neither European nor Canarian samples reveal unique electrophoretic phenotypes, the Canarian populations do not seem to be genetically isolated. Though more sampling of A. javorkeanum is needed, these preliminary results (Fig. 4, zymotype II) seem to confirm the autotetraploidy of A. ceterach.
The a allele (Fig. 4 , zymotype V) can be used as a ''marker'' allele characterizing A. aureum. Some plants, showing a single band corresponding to genotype aaaa, are homozygous, whereas others, with a balanced threebanded zymogram corresponding to genotype aacc, are heterozygous. To explain zymotypes I and IV, an extra genotype cc is postulated and expected in A. javorkeanum, which was studied only on the basis of Italian and Slovenian material.
All 54 octoploid specimens (from Gran Canaria, La Palma, and Tenerife) show a monomorphic, presumably fixed heterozygous banding pattern of genotype aaaabbbb (Fig. 4, zymotype III) , which we postulate to be derived from a combination of zymotypes II and V (Fig. 4) . This would agree with the suggestions of Reichstein (1984) and Viane and Reichstein (1992) , that the Canarian octoploid is an allo-octoploid, which originated either by chromosome doubling in an unknown tetraploid hybrid between A. aureum (with zymotype V) and A. ceterach (with zymotype II), or via unreduced gametes of each species (Fig. 9) . The fact that, in all the octoploids (from 15 different localities) only one AAT zymotype was detected can be explained by the preponderance of the ''small tetraploid'' with zymotype II. It may also reflect incomplete sampling of the variation present in the octoploid.
SkDH: resolution for this monomeric enzyme was superior on SGE (system 2 of Weeden and Wendel, 1989) . In our study, the enzyme was represented by a single locus, which agrees with Gastony and Darrow (1983) . As expected for a monomeric enzyme, homozygotes had a typical one-banded pattern whereas heterozygotes showed two or more bands.
We detected four alleles in the European-Macaronesian Asplenium ceterach-aureum group. Two of these, a and b, were observed in A. aureum, whereas c and d characterized the ''A. ceterach'' group. Although SkDH was polymorphic in A. ceterach (Fig. 5) , only zymotype V (cccd) was found on the Canary Islands. This two-banded pattern with unequal staining intensities forms also part of zymotype VI found for all 54 octoploid specimens. Thus the octoploid is monomorphic and presumably heterozygous for this locus, showing a four-banded zymogram corresponding to genotype aabbcccd. The a and b alleles are unique ''marker'' alleles for A. aureum, one of the progenitors of the octoploid. This monomorphic pattern showing presumed fixed heterozygosity seems to confirm the putative allo-octoploid origin of this species (Reichstein, 1984; Viane and Reichstein, 1992) . The cccd SkDH genotype (zymotype V) of the ''small tetraploids'' is not limited to the Canaries, but was also found in A. ceterach from Croatia, Cyprus, and Italy. These results again both prove the occurrence of A. ceterach on the Canary Islands, and the fact that the populations in this Archipelago are not genetically isolated. Three additional zymotypes were detected in continental A. ceterach: a singlebanded (cccc), a balanced two-banded (ccdd), and an unbalanced two-banded pattern (cddd). The presence of the unbalanced patterns (cccd, cddd) in tetraploid A. ceterach at Skdh can be explained by tetrasomic inheritance (see discussion). Diploid A. javorkeanum from Italy and Slovenia showed a singlebanded pattern of either genotype cc (zymotype II) or dd (zymotype I). ME: this tetrameric enzyme was studied only by PAGE. The single enzyme activity visible was shown to be cytosolic by Gottlieb (1982) , Gastony and Darrow (1983) , and Soltis (1986) . ME was monomorphic in each of the three species, and thus can be used to distinguish them from each other (Fig. 6 ). All A. ceterach specimens (Europe) and ''small tetraploids'' (Canary Islands) were heterozygous showing an identical five-banded zymogram, typical for a tetrameric enzyme controlled by one locus with two alleles, a and d. Heterozygous A. aureum was characterized by a five-banded pattern controlled by the same locus, but with two different alleles, b and c, and corresponding to genotype bbcc. All octoploid plants FIG. 5 . Diagrams of electrophoretic SkDH phenotypes, with corresponding genotypes, as observed in the European-Canarian Asplenium ceterach-aureum group. Zymotype II was also found in some A. javorkeanum (genotype: cc); zymotype V was present in all A. cyprium (genotype: ccccdd) samples checked. The Canarian small tetraploid is abbreviated as: ''small 4x. '' showed a complex zymogram, and conform to the expected hybrid phenotype resulting from the cross between A. ceterach and A. aureum. The ''hybrid'' had the four parental alleles, and since ME is a tetramer, each of the six pairs of alleles (a 3 b, a 3 c, a 3 d, b 3 c, b 3 d, c 3 d) formed three heterotetramers of intermediate mobility. Theoretically this results in a 22-banded pattern (4 homotetramers plus 6 3 3 ¼ 18 heterotetramers, makes 22 bands), but because twice two bands have the same mobility, a maximum of 20 bands was visible (Fig. 6) . The monomorphic and presumably fixed banding pattern of the ''hybrid'' zymogram is in agreement with the putative allopolyploid origin of the octoploid (Reichstein, 1984; Viane and Reichstein, 1992) .
PGI: this dimeric enzyme was studied by both PAGE and SGE. Because the resolution was much better with SGE, all results shown were obtained using starch gel electrophoresis (system 6 of Soltis et al., 1983) .
Two loci were present: Pgi-1, most probably chloroplastic, and Pgi-2, cyto- solic Soltis, 1986) . Consistent with observations on other ferns (Gastony and Gottlieb, 1985; Werth, 1991; Haufler et al., 1995; Hauk and Haufler, 1999) , resolution of the more anodal locus Pgi-1 was inferior to that of Pgi-2. Because Pgi-1 appears invariant across all taxa, it will not be discussed. Among the European and Macaronesian samples studied, five allozymes were observed at Pgi-2 (Fig. 7) . Although the continental A. ceterach, with its six different zymotypes, was highly polymorphic for this locus ( , only a single banding pattern was detected for the 22 ''small tetraploids'' from the Canary Islands, corresponding to genotype cccc. This widely distributed zymotype was also found in A. ceterach specimens from Belgium, Croatia, France, Italy, Slovenia, Spain, and the United Kingdom. We obtained two electrophoretic phenotypes for the 28 A. aureum plants, with corresponding genotypes ccdd (25 specimens) and cdde (3 specimens). The octoploid was the most variable taxon in the Canarian Archipelago, showing three different zymotypes translated into genotypes (Fig. 7) ccccccdd (zymotype V), aaccccdd (zymotype VI), and aaaadddd (zymotype VII). Zymotype V (found only on La Palma) most probably resulted from hybridization FIG. 7 . Diagrams of electrophoretic Pgi-2 phenotypes, showing 5 alleles, with corresponding genotypes and their distribution, as observed in the European-Canarian Asplenium ceterachaureum group. Zymotype II was also found in most A. javorkeanum (cc) samples. Each band is indicated by two letters representing the association of subunits, joined to form this dimeric enzyme. The Canarian small tetraploid is abbreviated as ''small 4x.'' between a ''small tetraploid'' with genotype cccc and an A. aureum with genotype ccdd, which are both abundantly present on the Canaries, followed by chromosome doubling, or via unreduced gametes of each species. Zymotype I, though presently known only from Italy, can be used to explain zymotype VI, which was found only on La Palma. Octoploids with this genotype (aaccccdd), expressed three homodimeric bands (Fig. 7 , aa, cc, dd) plus three heterodimeric bands (ac, ad, cd). More sampling is desirable and might detect other genotypes such as aacc in the ''small tetraploid,'' as well as dddd needed to explain zymotype VII from Gran Canaria and Tenerife. Pgi-2 suggests that the formation of the allo-octoploid happened at least three times.
Because plastid DNA is uniparentally inherited, it discloses only the maternal lineage (Stein and Barrington, 1990; Gastony and Yatskievych, 1992) . GenBank accession numbers for trnL-trnF nucleotide sequences of newly sequenced specimens are listed in Table 3 . Analysis of the plastid trnL-trnF intergenic spacer sequences resulted in the clustering of the ''small tetraploid'' from Tenerife (CV187), A. ceterach from Italy and Cyprus, and A. cyprium, with their diploid ancestor A. javorkeanum (Fig. 8) . We found no chloroplast variation (with the exception of CV494) between specimens sampled from the Mediterranean (Cyprus, Italy, Slovenia) and Tenerife. Asplenium javorkeanum, A. ceterach, and A. cyprium form a cluster of their own, different from the ''A. aureum clade,'' which includes all the A. aureum specimens, A. lolegnamense, and the octoploid (CV709) from the Canaries. Identical groups are obtained by analysing rbcL gene sequences. The position of A. lolegnamense and the octoploid, in the plastid trees, suggests that A. aureum acted as the maternal parent in the formation of the specimens used. These molecular data independently prove that in addition to an octoploid species, true A. ceterach (¼ the ''small tetraploid'') is growing on the Canary Islands. Other sequencing results are described extensively in . Because Gran Canaria, La Palma, and Tenerife are of volcanic origin, these epilithic ferns mainly grow on rocks of basaltic types, like phonolites, rhyolites, trachytes and olivine basalts (Page, 1979) . Asplenium aureum prefers moister, shady habitats at lower altitudes, whereas the ''small tetraploid'' and octoploid plants share more exposed, drier habitats. However, on both Gran Canaria and Tenerife, only single localities were found where ''small tetraploids'' and octoploids grew together (loc. 2 and 19; see Appendix 1 and 3). Though forty-five specimens from nine different localities on La Palma were cytologically checked (see Appendix 2 and Van den heede and Viane, unpublished data), we could not detect any ''small tetraploid'' specimen. We intensively looked for it in the field, especially in the higher regions of La Palma. Whereas we discovered ''small tetraploids'' between 1500 and 1900 m altitude on Gran Canaria and Tenerife, the highest altitude we found ferns of the Ceterach group on La Palma was near 1200 m.
We found A. aureum between 300 and 1000 m altitude in valleys and sheltered ravines (''barrancos'') with remnants of (degraded) evergreen laurel FIG. 8 . Tree randomly selected from the 73 shortest trees of European-Canarian Asplenium ceterach-aureum taxa and A. dalhousiae, resulting from parsimony analysis of our 14 trnL-trnF intergenic spacer sequences (Table 3 ) and 4 trnL-trnF sequences of other species available in GenBank; length ¼ 227 steps, CI ¼ 0.92, and RI ¼ 0.91. Based on rbcL evidence (Hasebe et al., 1995; Pryer et al., 1995) , the sequence of the more distantly related Dennstaedtia was specified as outgroup. Fitch branch lengths (ACCTRAN optimized) are shown above and bootstrap percentages (1000 replicates) below the branches. Other sequencing results are described extensively in .
forest dominated by broad-leaved trees: Laurus azorica (Seub.) Franco, Persea indica (L.) Spreng., Ocotea foetens (Aiton) Berthel., Apollonias barbujana (Cav.) Bornm., Ilex canariensis Poir., Ilex platyphylla Webb and Berthel., and Arbutus canariensis Vieill. (Bramwell and Bramwell, 1974) . Asplenium aureum usually grows in humus-rich soils, often together with Adiantum capillus-veneris L., A. reniforme L., Anogramma leptophylla (L.) Link, Asplenium aethiopicum (Burm.f) Bech., A. hemionitis L., Cheilanthes pulchella Bory ex Willd., Davallia canariensis (L.) Sm., Polypodium cambricum L. ssp. macaronesicum (A.E. Bobrov) Fraser-Jenk., and Selaginella denticulata (L.) Spring.
Asplenium ceterach and A. octoploideum were found in the natural pine forests (''Pinar'') at 900-2000 m on Tenerife, and at 1200-1600 m on Gran Canaria. The octoploid was observed on La Palma at 700-1200 m. The open savannah-like vegetation is dominated by Pinus canariensis C. Sm. and a few shrubs, such as Adenocarpus foliolosus (Aiton) DC., Cistus symphytifolius Lam., Daphne gnidium L., Micromeria species, and Rumex lunaria L. (Bramwell and Bramwell, 1974) . Asplenium ceterach and the octoploid grow in rock fissures, often together with Monanthes laxiflora (DC.) Bolle, Aeonium species, Asplenium aethiopicum, A. trichomanes L., Anogramma leptophylla, Cheilanthes guanchica Bolle, C. pulchella, Cosentinia vellea (Aiton) Tod., Notholaena marantae (L.) Desv. subsp. subcordata (Cav.) G. Kunkel, and Polypodium cambricum ssp. macaronesicum. Where A. ceterach and A. octoploideum grow together abundantly, we discovered their sterile hexaploid hybrid, A. 3chasmophilum Van den heede and Viane (Van den heede and 
DISCUSSION
In combination with morphological, cytological, and biogeographical data, isozyme markers can determine whether taxa are auto-or allopolyploid (Crawford, 1985; Haufler, 1985b; Bryan and Soltis, 1987; Weeden and Wendel, 1989; Crawford, 1990; Gastony, 1990; Pryer and Haufler, 1993) . Electrophoretic analysis of isozymes is an ideal way to investigate the origin of allopolyploid taxa because parental loci are expressed as stable marker bands in the progeny (Haufler, 1985b; Werth et al., 1985b; Gastony, 1986) . The potential of isozyme data to clarify relationships in fern complexes is dependent upon the degree of differentiation among the ancestral genomes.
In the present study, four loci (Aat, Skdh, Me, and Pgi-2) showing a unique set of bands characterizing A. aureum and different from the banding patterns found in European A. ceterach, proved adequate to disentangle the ''Ceterach'' complex in the Canarian Archipelago.
All zymograms present in the Canarian ''small tetraploid'', were also observed in A. ceterach, and confirm that true A. ceterach is growing on the Canary Islands. Moreover, this suggests an occasional spore flow from Europe towards the Canaries. A flow in the opposite direction is less likely because the western islands are dominated by the northeast trade wind system. Conse-quently, the Canarian A. ceterach population cannot be considered genetically isolated. No local zymotypes seem to have originated in this taxon in the Canary Islands, contrary to the situation on Cyprus, which is much older than the Canary Islands ( . For example, the unique Tpi-2 zymogram, present in all A. ceterach and A. cyprium specimens from Cyprus, suggests the local origin of the Cypriot taxa .
All four loci (Aat, Skdh, Me, and Pgi-2) of the Canarian octoploid show monomorphic heterozygosity for a combination of the patterns seen in A. ceterach and A. aureum. Our allozyme data confirm the allo-octoploid nature of this species, which most probably originated by chromosome doubling in a tetraploid hybrid between A. aureum and A. ceterach (Viane and Reichstein, 1992) . Theoretically, though less parsimoniously, the formation of this taxon could also happen directly via the union of unreduced (4x) gametes (on gametophytes resulting from unreduced spores) of both species.
All allozymes observed in the allo-octoploid were electrophoretically identical to those found in the parental tetraploids. However, in some octoploid samples from Gran Canaria and Tenerife, Pgi-2 expressed a zymotype (corresponding to genotype aaaadddd) resulting from the combination of two undetected genotypes (aaaa) in A. ceterach and (dddd) in A. aureum. The occurrence of this putative ''orphan'' genotype may reflect incomplete sampling of the variation present in the tetraploids, or alternatively these genotypes may no longer be present in extant A. ceterach and A. aureum specimens.
The variation in the allo-octoploid seems to be related to the mono-or polymorphism (and its abundance) in the parental tetraploids. Thus, at the two loci (Skdh and Me) showing a single octoploid genotype, only one genotype was observed in each of the Canarian parents. At Aat two different genotypes were found for the Canarian A. ceterach, though only a single zymotype was detected for the octoploid. However, the A. ceterach genotype not detected in any octoploid, was found in only ca. 10% of the population. On the other hand, this may also be the result of limited sampling of the variation present in the octoploid.
The allo-octoploid species showed three different isozyme profiles at Pgi-2, a locus that is polymorphic in its tetraploid progenitors, indicating that the octoploid probably originated at least three times. According to Werth et al. (1985a) such patterns of variation in allopolyploids are almost certainly the result of repeated allopolyploidizations involving pairs of different genotypes. Thus, each of the octoploid zymotypes may have arisen from a separate hybridization event. The present observations, demonstrating multiple origins of allopolyploids, are similar to those of Werth et al. (1985a, b) for Asplenium, Soltis et al. (1987) for Polystichum, and Ranker et al. (1989) for Hemionitis. Recurrent origins of the allo-octoploid species implicate a repeated gene flow from tetraploids to octoploids, and mean a continued gain of genetic diversity by the allopolyploid.
Our electrophoretic data also provide evidence for the operation of tetrasomic inheritance in natural populations of autotetraploid (Rasbach et al., 1987) A. ceterach. At Skdh, for which only two allozymes were observed, three types of heterozygotes were present: balanced heterozygotes (ccdd) and two types of unbalanced heterozygotes (cccd, cddd). The presence of these three types in tetraploid A. ceterach at Skdh is suggestive of the three possible classes of heterozygotes expected in an autotetraploid at a locus having two alleles (Weeden and Wendel 1989) . Unbalanced staining activities indicate multiple doses of individual alleles. Tetrasomic inheritance with chromatidal segregation explains the arrays of homozygous, balanced heterozygous, and unbalanced heterozygous banding patterns observed in A. ceterach (Weeden and Wendel 1989) . Tetrasomic inheritance implies that a chromosome can pair with any of its three homologous chromosomes (e.g., Soltis and Rieseberg, 1986; Weeden and Wendel, 1989; Crawford, 1990) , and that there is apparently no strict preferential chromosome pairing. Consequently, the present isozyme analysis confirms the autotetraploid status of A. ceterach, which was cytologically proven by Rasbach et al. (1987) . The fact that isozyme studies point to tetrasomic inheritance and that we found only bivalents during meiosis in autotetraploid A. ceterach, suggests that both processes are controlled by different (sets of) genes. Similar unbalanced patterns found in allotetraploid ferns have been explained also by segregating intralocus heterozygosity and fixed interlocus heterozygosity (Gastony, 1990) .
We were able to prove, by isozyme and plastid DNA analysis, that in addition to A. aureum and the octoploid, true A. ceterach occurs on Gran Canaria and Tenerife. A combination of morphological and cytological analysis leads to correct determination, but even the exospore length alone allows reliable identification of the three Canarian species: A. aureum (32 6 1.9 lm), A. ceterach (39 6 2.6 lm), and the octoploid (44 6 3.1 lm).
As mentioned in the introduction, Benl and Kunkel (1967) published C. aureum var. parvifolium without cytological investigation. Plants collected in 1967 by T. Reichstein and G. Kunkel were found to be octoploid, leading T. Reichstein and other European pteridologists to attribute octoploid status to A. parvifolium (including all small Canarian ''Ceterach'' specimens), but without having checked the holotype.
We repeatedly visited the type locality of A. parvifolium, the Pinar above Vilaflor (Tenerife), and found several taxa (see Appendix 3) growing together. As soon as we were convinced that two kinds of ''small Ceterach'' species were growing at the locus classicus (and on Gran Canaria), we decided to study the holotype (Benl s.n., 26/12/1966, M) of C. aureum var. parvifolium. This holotype consists of one single plant. We studied its microcharacters (see also  Table 4 ) and found a mean exospore length (38 6 2.8 lm) and very few folds (''cuticular lines'') in the scales characteristic for true A. ceterach. The values for the exospore and stomate length (38 6 3.7 lm) prove that the holotype was not an octoploid, but a tetraploid plant! Consequently, C. aureum var. parvifolium Benl and G.Kunkel and A. parvifolium are synonyms of A. ceterach, and the octoploid had no correct name and was described as A. octoploideum (Van den heede and . Asplenium octoploideum is morphologically intermediate between A. aureum and A. ceterach, from which it can be distinguished by its different mean exospore length (44 lm) and mean stomate length (52 lm), and its octoploid chromosome number n ¼ 144 II (Fig. 2B þ B' ). It is endemic to the Canarian Archipelago but presently confirmed only (cytology) for Gran Canaria, La Palma, and Tenerife, and to be expected on La Gomera and El Hierro. In addition to the holotype from Gran Canaria Many herbarium specimens still need to be inspected before the ranges of the ''small Canarian Ceterach'' taxa can be established. Literature references and information on herbarium labels are often unreliable, e.g., Bornmüller 3094 (P), labeled as C. officinarum f. typica (cellulis palearum non striatis!) collected on Gran Canaria, has a mean exospore length of 44 6 3.0 lm and numerous folds in the scale cells: it is without any doubt an octoploid.
As far as is known, the octoploid is endemic to the Canary Islands, but because Madeira could also harbor this species (climatologically and topographically), we studied 30 specimens from five Madeiran localities. However, all of them turned out to be hexaploid and were identified as A. lolegnamense. Both in the Madeiran and the Canarian Archipelago the northeast trade wind prevails during the year. This phenomenon may help to explain the restricted range of several Macaronesian taxa, because most propagules fall into the Atlantic Ocean. Even when spores occasionally reach the African continent, the Western Sahara and Mauritania offer no appropriate habitats for these ferns, because of their ultra dry climate. The derivation we hypothesize for the allo-octoploid species is presented in Fig. 9 .
It is generally accepted (e.g., Burchard, 1929; Lems, 1960; Page, 1973; Bramwell and Bramwell, 1974; Page, 1977 Page, , 1979 ) that many of the Canarian ferns are endemic relicts of the Tertiary fern flora that existed in southern Europe during the Miocene and Pliocene. These ferns form an important part of the original vegetation of the Canary Islands, especially of the evergreen forests (Page, 1977) . Unfortunately, these habitats, if not totally destroyed today, are greatly endangered by modern tourism (building, water supply). Several mountain areas need further research, and new species and hybrids await description. Undoubtedly, this Tertiary (fern) flora forms an irreplaceable genetic resource that should be conserved.
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